Abstract-The measurement of partial discharge (PD) activity has become an invaluable tool for monitoring the insulation condition of high-voltage components in service. In particular, it is important for factories and for the utilities to get an indication of the time to breakdown. In this paper, the authors describe a study on the use of a damped ac voltage (DAC) method and a very low frequency (VLF) method to stress insulation and to detect partial discharge activity. The main goal of this study was to find out whether the PD patterns obtained at 50 (60)-Hz voltage correspond to those obtained at either lower frequency voltage (VLF) or higher frequency voltage (DAC). For this purpose, a combined theoretical and experimental approach for dielectric bounded cavities was used. The effect of the frequency and the shape of the voltage (DAC) on the PD phase-resolved pattern were studied in the laboratory. Tests were performed on dielectric bounded cavities in polyester with the DAC method, the VLF method (0.1 Hz), and the 50 (60)-Hz method. Moreover, the PD phenomenon was theoretically analyzed at different stress frequencies, and a comparison was made between theory and measurement.
I. INTRODUCTION

E
LECTRICAL discharges that do not completely bridge the distance between two electrodes are known as partial discharges (PDs). Through the years, it has been recognized that PD represents a danger to the life of insulation [1] . As a consequence, many efforts have been spent for understanding the PD phenomenon and for developing PD measurement techniques. Today, PD measurements represent one of the main tools for insulation condition assessment. The importance of the subject is mainly due to the relation between the level of PD activity and the aging of the dielectric materials, hence the interest of utilities on PD measurement techniques.
PD detection techniques and their relative merits are strictly related to the various types of equipment under test. Discharge detection is based on the analysis of physical phenomena determined by discharges. The phenomena under consideration can be analyzed through electrical pulse measurements, light, heat, chemical transformations, and electromagnetic radiation. These different approaches can be conveniently used to estimate dis- charge characteristics. However, the greatest difficulty is to develop a realistic model of the phenomena and their relation to the signal (or other quantities) detected. Moreover, the detection circuit configuration could play a very important role, and correct arrangement is the prerequisite for valid measurement. In this paper, our attention is focused on the electrical method only.
To detect the presence of PD, a component, e.g., power cable, is usually energized with a 50-Hz power frequency voltage. The use of a 50 (60)-Hz energizing method is, however, not always practically and economically realistic, because of the high capacitive power required. For this reason, other methods that operate at different frequencies have been developed to reduce the charging power. For example, the very low frequency (VLF) method stresses the test object at 0.1 Hz, while the damped ac voltage (DAC) method makes use of damped ac voltages in the range of 20-1000 Hz.
Laboratory experiments on power cables [2] , [3] and generator stators [4] showed no fundamental differences between the main PD quantities (e.g., PD inception/extinction voltage, PD magnitude, and PD phase-resolved pattern) obtained with damped ac voltage and 50(60)-Hz ac energizing method. For VLF, some experiments [5] , [6] provided results in good accordance to those of the other methods, but in a recent study [7] , differences were found. These differences were mainly attributed to a change in the PD inception phenomena [8] . In fact, under low-frequency stress conditions, the time between two PD events is longer when compared to 50(60) Hz. In the case of dielectric bounded cavities, the charge deposited by a PD affects the inception of the next PD. Because the deposited charge decreases in time, this effect is believed to be of less importance at low frequency than at 50(60) Hz.
The object of the study presented in this paper was to determine the influence of frequency and voltage shape (DAC method) on the PD behavior through PD measurements on artificial defects, using different energizing methods. Knowledge of the characteristics of the polyester resin model (dielectric bounded cavities) allowed a theoretical approach toward the discharge behavior. Theory and measurements were evaluated and compared.
Experimental results showed that the PD quantities measured by means of the 50(60)-Hz method can be different from those detected with VLF and DAC methods. The reason of those dissimilarities is that, under certain conditions, the PD process in dielectric bounded cavities is frequency dependent. For this reason, the effect of the voltage frequency on PD activity is analyzed. 
II. PROPOSED APPROACH
For this study, cast polyester test specimens were used. They consisted of a spherical air filled cavity (diameter D : 2-3 mm) placed between two brass electrodes cast in polyester resin ( 3.45), as shown in Fig. 1 . To avoid field concentration at the electrode edges and to obtain a uniform field in the central area, electrodes with a Rogowski profile [1] were used. The specimens were immersed in oil to prevent unwanted surface discharges during the tests. In Table I , the characteristics of the test specimens are reported.
Partial discharges were ignited and detected in the test specimens using the three different energizing methods mentioned above. A PD occurring in a cavity deposits a dipolar charge distribution at the site of the discharge. In general, this quantity is not directly measurable. Hence, measuring partial discharges is based on the measurement of the charge displacement in the leads to a sample, the so-called apparent discharge magnitude. Nevertheless, this apparent discharge magnitude is a good representation of the intensity of the internal discharge. In fact, the charge displacement in the leads to a sample is directly related to the energy dissipated during the discharge event and to the dimensions of the discharge site [1] . In the classical method for PD measurement (called phase resolved method), the acquired PD data consist of a sequence of pulses. Every pulse is characterized by its charge and by the time at which it occurs. Often, instead of the PD occurrence time, the ac phase at which the pulse occurs is given.
To obtain a stable discharge pattern, the cavities were first conditioned for 1 h at 50-Hz energizing. During the first min- utes of PD activity, in fact, a change of the condition of the cavity walls can lead to quite sensitive PD quantity changes [9] - [12] . After this conditioning period, the PD measurements were performed at different frequencies.
Since the parameters of the test specimens are known, they could be used, together with the voltage stress, for a theoretical assessment of the PD pattern. For this purpose, the PD modeling proposed by Niemeyer [13] , [14] has been chosen as a reference point. Niemeyer's model describes the streamer discharge phenomenon [1] , [9] occurring in a dielectric bounded spheroidal cavity and gives analytical tools for the estimation of the main PD quantities.
Two main topics are addressed in this paper: 1) the effect of the test voltage frequency on the PD inception delay, PD magnitude, and PD phase patterns; 2) the effect of the voltage shape on partial discharge activity (this point is particularly interesting for the DAC method, because of the relatively small number of voltage cycles that is used to stress the test object). Both of these topics are of significant practical importance. Many diagnostic methods, in which different voltage frequencies are used for stressing the insulation of HV components, are now on the market and in fact used in the field. In order to assess the condition of the insulation that is normally stressed at 50(60) Hz, by measurements at lower or higher frequencies, the dependence of the PD phenomena or the changes of the measured PD quantities with frequency have to be known [7] .
III. EXPERIMENTAL
A. Test Setup
The samples were energized with 50-Hz voltage, damped oscillating voltage waves (260, 520, and 930 Hz) and VLF test voltages at 0.1 Hz. All measurements were performed at room temperature (20-25 C) .
50(60)-Hz Method:
The 50-Hz ac test circuit consisted of a 50-kV step-up transformer, a 1-M damping resistor to reduce the short circuit current in case of breakdown, and a coupling capacitor in series with a detection impedance to couple the PD signals, as is shown in Fig. 2 . The PD signals measured by the circuit were processed and displayed by TEAS 570 partial discharge analyzing system (bandwidth from 40 kHz to 400 kHz). The pulse resolution of the detection circuit was 10 s (one power frequency cycle of 50 Hz is divided in 2000 phase windows). During a test, sequences of PD pulses are acquired. Every pulse is characterized by its ac phase position and its charge (phase resolved detection). VLF Method: For the 0.1-Hz measurements, a VLF system with a sinusoidal test voltage was used. It is essentially composed of an HVAC power source especially developed to supply capacitive loads and a detection impedance in series with a coupling capacitor. The system shows for every PD pulse its magnitude. To also detect the ac phase position at which the PD events occurred, a commercial multichannel oscilloscope was used and connected, as shown in Fig. 3 . The time base was triggered by the 0.1-Hz test voltage; thus, a PD phase resolved pattern was obtained.
DAC Method: A schematic diagram of the damped ac voltage test setup, as applied for the experiments, is shown in Fig. 4 . First, the test object was charged with a dc voltage and, after a few seconds, the required peak voltage was reached. At this point, the solid-state switch S with short closure time was closed, resulting in a series resonant circuit consisting of the test object capacitance, some additional capacitance, and an air-core inductor. The circuit resonant frequency was (1) where is the air core inductance and the additional capacitance connected in parallel to the sample. Both the filter inductance and the sample capacitance are negligible for the calculation of the resonant frequency because Because the circuit has a relatively low dissipation factor, the result is a damped voltage wave at the resonant frequency with a decay time up to 300 ms. Thus, the test object is energized by a few tens of cycles. A specially developed measurement circuit detects PD pulses that occur during the DAC wave. The user's interface for the system consists of an industrial PC that also provides complete control of the measuring cycle. Different values of additional capacitance were used in order to obtain several DAC frequencies, as shown in Table II .
To avoid measuring unwanted discharge signals originating from the additional capacitors, a 40 H filter inductor was inserted in the circuit (see Fig. 4 ). Its presence is negligible for the power circuit used to stress the sample, because the filter inductance is very small when compared to the inductance of the air core (0.75 H).
A characteristic difference between the standard 50 (60) Hz and DAC energizing method is the fact that, for the latter, the PD data are obtained from a relatively small number of voltage cycles.
Calibration: To calibrate all three measurement circuits, a calibrator (Power Diagnostix cal E1) was applied according to IEC 60 270 recommendations. In the case of the VLF system, single pulses have been captured to calibrate the PD amplitude measuring range. In the case of the DAC method and the 50-Hz method, repetitive PD pulses have been used.
B. Results
Partial Discharge Inception Delay: Generally, from the moment of voltage application, PD activity in dielectric bounded cavities starts after a certain delay time. To initiate a partial discharge, a starting electron is required. The probability that this electron will become available, after waiting for an inception delay time, depends mostly on the test voltage and on the diameter of the cavity [13] - [15] . Fig. 5 shows the PD inception delay time as a function of the test voltage at 50 Hz for the specimens listed in Table I . For all samples, the inception delay time is clearly dependent on the applied voltage. At low voltages, a relatively long inception delay time was measured (hundreds of minutes). On the other hand, increasing the voltage considerably decreases the delay time. Also, for the VLF method, the inception delay time was found to be voltage dependent. There were no significant differences between the voltage dependency at VLF and at 50 Hz. Regarding the DAC method, the short time required for stressing the test object allows only measurements of inception delay time in the order of some tens of milliseconds. Moreover, not every damped voltage wave (shot) applied to the polyester samples ignited PD. For these reasons, the number of shots necessary to obtain a pattern with PD was chosen as a quantity linked to the probability for a starting electron to be available (and then to the PD inception delay time). The time interval between two consecutive shots was a few tens of seconds. As opposed to the 50(60)-Hz and VLF methods, the peak value of the applied DAC voltage is not the only parameter influencing the probability for the presence of a starting electron. The frequency and the decay time of the damped ac wave are of importance as well. Fig. 6 shows the relation between the number of shots necessary to obtain a pattern with PD and both the DAC frequency and decay time. To obtain DAC waves at higher frequencies, additional capacitors were connected in series, to decrease the total circuit capacitance, as reported in Table II . Because of this fact, the total dissipation factor of the circuit became higher and so the damping factor of the voltage wave increased. At higher frequencies and a higher damping factor, more shots were necessary to see PD. This was particularly evident for the smaller diameter samples (samples 1 and 2).
To recognize if the PD inception differences observed at different wave shapes were caused mainly by the change in frequency or by the change in decay time, another experiment was performed. Samples were stressed by DAC waves with shorter decay time by adding a 50-resistor in series to the capacitors for the 260-Hz situation. Higher voltages were required for observing a number of shots necessary to obtain a pattern with PD as high as that in the previous measurements at 260 Hz (Fig. 6) . The implication is that the number of shots necessary to obtain a pattern with PD is more affected by the DAC wave decay time than by the DAC frequency.
Effect of Test Voltage Frequency on Partial Discharge Magnitude and Phase Pattern:
The PD phenomenon is a stochastic process and the PD magnitude can be described by a density function [16] , [17] . In the case of partial discharges in cavities, the density function is skewed to the left, resulting in a high probability of small PD and a low probability for large PD. Given certain cavity dimensions and a certain gas pressure in the cavity, the maximum PD magnitude can be calculated. The probability of detecting a PD with this magnitude is, given the skewness of the density function, related to the time of measurement. Thus, the probability of a large partial discharge is expected to be higher in the two minutes of a 50-Hz measurement (Fig. 7) than in the few tens of milliseconds of a damped ac voltage (Fig. 8) . Evidently, by increasing the number of DAC shots, the probability of detecting the maximum PD magnitude will increase.
This was sustained by the test results, which showed a slightly decreasing PD magnitude for the DAC method at frequencies of 260 Hz and higher (see Table III ). The DAC damping factor did not influence the PD magnitude. Tests performed at a constant DAC frequency and different decay times did not show significant changes in the detected PD magnitude. With regard to the VLF method, the PD magnitude observed at 0.1 Hz was either similar (samples 1 and 4) or lower (samples 2 and 3) if compared to 50 Hz. Also, for the partial discharge phase-resolved pattern (see Fig. 9 ), two different characteristics were found. For samples 1, 2, and 4 the pattern shows the same features as noticed at 50 Hz with well-marked phase shifting regarding the zero crossing, while sample 3 shows a flat pattern with a less marked phase-shifting.
IV. DISCUSSION
A. Partial Discharge Modeling
The discussion of the results is based on the assumption that the prevailing discharge mechanism was of the "streamer discharge" type [1] , [9] . The streamer theory [1] , [18] , describing the evolution of the streamer discharge, postulates that the space charge formed in an electron avalanche starts to have an effect on the electric field if the avalanche surpasses a critical length, which corresponds a critical electric field. If this occurs, an initiatory electron avalanche can trigger the formation of new avalanches, leading to breakdown. A necessary condition (the streamer criterion) for the discharge inception is given [14] , [1] . In the case of dielectric bounded spheroidal cavities, the streamer criterion enables us to estimate the minimal PD inception voltage [13] .
There are two requirements for PD inception: a sufficiently high field inside the cavity and the presence of a starting electron. PD is driven by a local field enhancement caused by the cavity itself. This enhanced field is, in general, composed of two contributions. The first one is due to the applied voltage and is the local enhancement of the background field by the cavity. The second one is associated with local space or surface charges that have been left by previous PD activity [13] . The amount of charge depends on the field that caused the discharge. As a consequence, the discharge magnitude is proportional to the field inside the cavity at the inception instant. For this reason, the minimal discharge magnitude is ignited by the inception field. On the other hand, the maximal PD magnitude occurs when the field inside the cavity is maximal. As explained in [14] , this situation occurs when both the above mentioned field contributions are equal, maximal, and acting in the same direction.
The charge deposited by PD contributes to the potential difference across the cavity and represents a source of starting electrons. Because the surface of the cavity has a finite conductivity , the deposited charge decays with an average time constant . By using the RC cavity model proposed in [14] , the time constant can be evaluated as (4) where represents the permittivity of vacuum.
A starting electron is the origin of the first avalanche that causes the streamer partial breakdown. According to [14] , two main groups of first electron generation mechanisms can be distinguished: volume and surface processes. Volume generation includes radiative gas ionization by energetic photons and field detachment of electrons from negative ions. A plot of the theoretical inception delay time, due to volume generation only, as a function of the cavity diameter can be found in [13] . The second group is electron production from surfaces of insulating materials, which includes detrapping of electrons from traps at the surface, electron release by ion impact and surface photo effect [14] . In this second case, an approximate estimation of the number of electrons generated per second can be obtained if one considers these processes to obey to a Richardson-Schottky type of emission [14] . In fact, in the case of a cavity between insulator surfaces, at the surface of the insulators, traps with depths in the order of 0.1 to 1 eV are present. If electrons from previous PD events have been trapped in such surface states, they could be detrapped by a Richardson-Schottky process.
These general considerations will be used for the assesment of the experimental results. The effect of different voltage frequency-shape on PD quantities will be analyzed taking into account that the PD duration is of the order of 1-10 ns [1] , [9] . With regard to the frequency range dealt within this study, the discharge time is always much smaller than the duration of the ac stress cycle. The frequency can thus not directly influence the PD streamer inception phenomenon. Measurements, in fact, showed that the minimal PD magnitude is not frequency dependent.
B. Low-Frequency PD Behavior
At lower frequencies, the observed PD behavior does not follow a univocal direction. Measurements demonstrated that, in some cases, the PD magnitude and PD pattern detected at 0.1 Hz are approximately the same as those measured at 50 Hz, while in others, they are quite different. According to [19] , the cause of these dissimilarities can be attributed to the charge decay time . If is larger than the duration of the period of the applied voltage, i.e. (5) we can assume that the charge does not decay between two consecutive PD events. In this case, the deposited charge will strongly contribute to the field in the cavity. This fact is reflected in the PD pattern by the phase shifting and by the presence of PD pulses during the voltage zero crossing.
On the other hand, if the decay time is shorter than the applied voltage period, i.e. (6) the deposited charge will not give a significant contribution to the PD process. In this situation, the field in the cavity is due only to the contribution of the applied voltage. Hence, no phase shifting and no PD pulses during the voltage zero crossing are noticeable in the PD pattern. Moreover, the maximum PD magnitude is expected to be half of that observable in the previous situation, since only one field contribution leads the PD process.
An intermediate PD process occurs when
Under condition (7), the charge left by a PD can contribute to the inception of the next PD. The Poissonian field contribution depends on the portion of the charge deposited by a first PD and present in the cavity during the successive PD. A pattern with the same characteristics, but less marked, as in the case that (5) is true will probably be noticed, as in the case of sample 3 of Fig. 9 . The decay time of the deposited charge is strongly dependent on the conductivity of the surface of the cavity. For polymers that have not seen PD activity the conductivity is typically in the range of 10 -10 S, while the surface of aged cavities may reach values as high as -S [14] . As a consequence, the charge decay time can be in the range 10 -10 S [14] , for cavities of a few millimeters diameter. This extremely wide range is the cause of the different PD behavior observed in the test specimens.
C. High-Frequency PD Behavior
Experimental results showed that stress frequencies of 260 Hz and above affect the PD process in the polyester resin samples tested. Starting at 260 Hz, a decreasing PD magnitude was observed. This indicates that the voltage across the cavity at which PD occur is close to the minimal inception voltage as can be calculated with the streamer criterion. A possible explanation can be found in the detrapping process of starting electrons that becomes active after a PD event. The charge deposited by a PD at the cavity surface represents a reservoir of starting electrons. The number of possible starting electrons decreases in time, not only because of the finite conductivity of the cavity surface (leakage current), but also because of diffusion of electrons into deeper traps (i.e., "high work function" traps). According to [20] , an exponential decay time constant describes the loss of electrons due to the latter mechanism. In both cases, the electrons will no longer be available to trigger a discharge. The probability that a starting electron is available after a PD event decreases in time, because it is directly proportional to the number of electrons trapped at the cavity surface. When a PD occurs, the voltage across the cavity collapses to the residual value and then it increases again: it will reach the minimal value necessary for the next PD inception after a relatively short time if the frequency is sufficiently high. In this case, the probability to have a starting electron is high and the PD event will be ignited when the voltage across the cavity is close to the minimal inception value. Due to this phenomenon, a lower PD magnitude is to be expected at higher frequencies. At which frequency this phenomenon will likely start to play a role depends on the value of the constant and on the ratio between inception and applied voltage (8) As shown in Fig. 10 , after an average time , the voltage across the cavity again reaches the inception value (9) If the constant is larger than the time interval , PD are probably ignited when the voltage is close to the inception value. This occurs for frequencies above the threshold value : (10) It follows for this equation that there is a relation between the test frequency, the overvoltage (above inception voltage), and the "memory effect." Assuming a time constant of a few milliseconds [20] and considering the peak voltage a few times higher than the inception voltage, the threshold frequency is, based on (10), a few hundreds of hertz. Thus, for the higher frequencies used in this work, it can be assumed that only very few electrons are lost within a single voltage period. 
D. Inception Delay Time
In the case of spherical cavities, volume ionization in the gas is the dominating electron generation mechanism if the cavity is virgin (i.e., a cavity in a dielectric without a history of electrical stress). Spherical cavities have a small surface-to-volume ratio and, before the cavity is discharged for the first time, the number of electron traps is limited and a small portion of the surface traps is filled. However, if the cavity has seen PD activity, surface generation processes are not negligible anymore. Fig. 5 shows that for specimens aged for about 1-2 h the inception delay time depends on the voltage rather than on the defect size. Therefore, it might be concluded that the surface generation mechanism, in which the electric field at the cavity surface plays a very important role, is active. Another fact that supports this hypothesis is that it was possible to detect PD by using the DAC method. Since the quite short energizing time required by this method, the probability that starting electrons appear only due to volume generation would be very low for cavity with 2-3 mm diameter, and so practically no PD would be ignited.
In the case of surface generation, the inception delay time exponentially shortens by increasing the applied voltage. This fact leads to a very short inception delay time for voltages sufficiently high. On the other hand, if the applied voltage is too low, quite a long delay time is expected.
With regard to the DAC damping factor, experiments show that it influences the probability of PD inception. The higher the DAC damping factor, the shorter the time during which the PD inception criteria of the cavity are fulfilled. Thus, for a certain maximal voltage wave value, the inception delay is longer for higher damping factor. If the starting electron is not generated before the amplitude of the damped ac voltage is below the theoretical inception value, no PD will be ignited. As a consequence, the probability to have a pattern with PD is low for heavily damped DAC and so the damping factor should be chosen small.
V. CONCLUSION
In this paper, a comparative study regarding different energizing methods for PD detection is presented. A combined theoretical and experimental approach was presented based on laboratory investigation on models of dielectric bounded cavities in polyester resin. The theoretical approach led to an estimation of the PD behavior in the test specimens. Based on this study, the following conclusions can be drawn.
A. Minimal PD Magnitude
The minimal PD magnitude detected was the same for every energizing method. The reason for this is that the PD inception voltage is not dependent on the voltage frequency-shape.
B. Higher Test Frequencies
It is possible to detect partial discharges in cavities using the DAC energizing methods. To obtain a significant number of PD, the number of shots should be large, especially for small cavities and for high damping factors of the voltage wave.
The PD level measured at frequencies above 200 Hz is slightly lower than that observed with the 50-Hz ac energizing method. There is a relation between the starting electron mechanism, the overvoltage (above inception voltage), and the frequency of the test voltage. This relation generally leads to a decreasing PD magnitude at higher frequencies for dielectric bounded cavities.
The damping factor of the DAC has a larger effect on the number of shots necessary to obtain a pattern with PD than the test frequency of the DAC. This fact is directly related to the inception delay time.
C. Lower Test Frequencies
Both the PD magnitude detected and the PD pattern observed demonstrate that the PD process at VLF frequencies can be either very close to that at 50 Hz or quite different. The main reason for this particular behavior is that the deposited charge decay time can change over several orders of magnitude depending on the condition of the cavity surface.
